The need to develop efficient therapies for neurodegenerative diseases is urgent, especially given the increasing percentages of the population living longer, with increasing chances of being afflicted with conditions like Parkinson's disease (PD). A promising curative approach toward PD and other neurodegenerative diseases is the transplantation of stem cells to halt and potentially reverse neuronal degeneration. However, stem cell therapy does not consistently lead to improvement for patients. Using remote stimulation to optogenetically activate transplanted cells, we attempted to improve behavioral outcomes of stem cell transplantation. We generated a neuronal precursor cell line expressing luminopsin 3 (LMO3), a luciferase-channelrhodopsin fusion protein, which responds to the luciferase substrate coelenterazine (CTZ) with emission of blue light that in turn activates the opsin. Neuronal precursor cells were injected bilaterally into the striatum of homozygous aphakia mice, which carry a spontaneous mutation leading to lack of dopaminergic neurons and symptoms of PD. Following transplantation, the cells were stimulated over a period of 10 days by intraventricular injections of CTZ. Mice receiving CTZ demonstrated significantly improved motor skills in a rotarod test compared to mice receiving vehicle.
progressive and patients eventually do not respond to externally administered dopamine precursors (Calne, 1993) .
Because of the specific loss of an identified cell type, PD is a prime target for cell-based replacement therapy (Buttery & Barker, 2014; Lindvall, 2015) . Indeed, replacement of dopamine producing cells in PD patients has been tried ever since they were identified (Freed et al., 2001; Kordower et al., 1996; Lindvall et al., 1990; Piccini et al., 2005) .
These therapeutic transplantations were carried out with human fetal midbrain cells that contain dopaminergic neuron progenitors, which were expected to mature into dopamine-producing cells in the patient's brain after transplantation. Results were mixed, with some patients showing impressive relief of motor symptoms, but displaying adverse side effects, specifically dyskinesias thought to stem from the heterogeneous starting population connecting to unintended target areas (Freed et al., 2001; Hagell et al., 2002; Jacques, Kopyov, Eagle, Carter, & Lieberman, 1999) .
Progress in elucidating factors for targeted differentiation of multipotent stem cells toward the neural lineage has led to preclinical experiments transplanting neuronal precursor cells into the brain of various PD model systems (Grealish et al., 2014; Kim et al., 2011; Kriks et al., 2011) , including the Pitx3 mouse model (Moon et al., 2013) . The development of genetically encoded tools for neural control, most prominently optogenetics and chemogenetics (Fenno, Yizhar, & Deisseroth, 2011; Sternson & Roth, 2014) , allowed the integration of neural manipulation tools with cell transplant therapy. Optogenetic control of dopaminergic neural transplants by implanted optical fibers was used to demonstrate proof-of-concept examination of host-graft synaptic interactions (Tønnesen et al., 2011) . In PD mouse models, optogenetic activation of astrocytes was shown to promote the regenerative effects of co-transplanted stem cells (Yang et al., 2014) , and optogenetic manipulation of mesencephalic dopaminergic neurons derived from human embryonic stem cells (ESCs) suggested that functionality depends on graft neuronal activity and dopamine release (Steinbeck et al., 2015) . Other investigators used chemogenetic tools, specifically designer receptors exclusively activated by designer drugs (DREADDs; Armbruster, Li, Pausch, Herlitze, & Roth, 2007) expressed in transplanted stem cells as a therapeutic adjunct to noninvasively increase dopamine release from grafted neurons. As this stimulation improved behavioral outcomes, it suggests that the function of the graft may be augmented by chronic stimulation of the transplant cells (Dell'Anno et al., 2014) . Another motivation for accessing transplanted cells is precise control over their activity to stimulate or inhibit, as necessary, and thereby refine therapeutic outcomes (Aldrin-Kirk et al., 2016; Chen et al., 2016) .
We reasoned that there might be additional beneficial effects of cell stimulation at an even earlier time point, specifically right after transplantation. Aspects positively affected could be overall survival of transplanted cells, differentiation into functional neurons, and synapse formation to and from host neurons, with overall improved long-term outcomes of cell grafting therapy. Our initial experiments were designed to test if there are improvements of PD symptoms in mice receiving stem cells with early stimulation compared to no stimulation.
For stimulation of transplanted cells, we utilized bioluminescence driven optogenetics, where optogenetic elements are activated by light emitted from a tethered luciferase in the presence of its substrate (Berglund, Birkner, Augustine, & Hochgeschwender, 2013; Berglund, Clissold, et al., 2016; Berglund, Tung, et al., 2016; Birkner, Berglund, Klein, Augustine, & Hochgeschwender, 2014; Jaiswal, Tung, Gross, & English, in press; Park et al., in press; Tung, Berglund, Gutekunst, Hochgeschwender, & Gross, 2016; Tung, Gutekunst, & Gross, 2015; Tung, Shiu, Ding, & Gross, 2018) . This permits activation of all transplanted cells without the spatial restrictions of fiber optics-emitted light.
We previously demonstrated that CTZ application to neurons expressing luminopsin-3 (LMO3), a fusion protein of the Gaussia luciferase variant "slow burn" (sbGLuc) to Volvox channelrhodopsin 1 (VChR1), efficiently increases neuronal activity both in vitro and in vivo (Berglund, Clissold, et al., 2016) . Rather than transiently transfecting cells to be transplanted, we generated a neuronal precursor cell line stably expressing LMO3. This permanent line provides an unlimited donor source for neural transplant cells with identical levels of expression of the luminopsin in order to consistently treat different mouse models of neurodegenerative diseases.
| M A TER I A LS A N D M ETH OD S

| LMO3-ESCs
Mouse ESCs carrying a knock-in allele of LMO3 were created following methods previously described (Zhu et al., 2016) . A ROSA26 targeting construct placing LMO3 (sbGLuc-VChR1-EYFP) under control of the strong ubiquitous CAG promoter was generated by replacing the tdTomato gene in the Allen Brain Institute's Ai9 targeting vector (Addgene plasmid 22799; contributed by Hongkui Zeng; Madisen et al., 2010) .
Male mouse ESCs (line R1; Nagy, Rossant, Nagy, Abramow-Newerly, & Roder, 1993) were homologously targeted as confirmed by homologous integration specific polymerase chain reaction (PCR) and Southern blot analysis. As these ES cells contain a lox-STOP-lox sequence making expression of LMO3 conditional, we transiently transfected the cells with a plasmid expressing Cre recombinase; the plasmid was modified from an EF1alpha-Cre plasmid (Addgene plasmid # 11918; a gift from Brian Sauer; Le, Miller, & Sauer, 1999) to coexpress tdTomato.
Green fluorescent colonies indicating loss of the STOP sequence were isolated and expanded. Mouse ESCs were grown in Knockout Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific, Waltham, MA) supplemented with ESGRO LIF (leukemia inhibitory factor; EMD Millipore, Darmstadt, Germany) on gelatinized plates with a feeder layer of Mitomycin-C treated embryonic fibroblasts.
| LMO3-NSCs
Neuroepithelial-like stem cells (NSCs) were generated from LMO3-ESCs following published protocols (Falk et al., 2012; Koch, Opitz, Steinbeck, Ladewig, & Brustle, 2009 ). Briefly, LMO3-ESCs growing without feeder cells on gelatinized plates for two passages were trypsinized and seeded at varying dilutions in nonadherent plastic culture dishes. Aggregates formed within 3-4 days and were transferred to 0.1 mg/ml poly-L-ornithine (Sigma, St. Louis, MO) coated dishes for adherent growth in N2 medium consisting of DMEM/F12, 2 mM Glu-taMax, 1.6 g/L glucose (Sigma), 0.1 mg/ml Penicillin/Streptomycin, and N2 supplement (1:100). As soon as adherent patches of cells formed, they were scraped off with a pipette tip and propagated as floating clusters in nonadherent dishes in N2 medium. After 2-4 days clusters were dissociated in TrypLE Express to obtain single cells, which were seeded in N2 medium supplemented with 10 ng/ml FGF2 (Stemgent, Cambridge, MA), 10 ng/ml epidermal growth factor (EGF; Sigma), and B27 (1:1000) on 0.1 mg/ml poly-L-ornithine (Sigma) and 10 mg/ml laminin-coated plates. At this point, cells were continuously passaged with aliquots of cells frozen during the earlier passages. Of several lines generated, line ND1 was expanded and used for the experiments in this study. Neuronal differentiation was induced by removing N2 and EGF from the media for 5 days, at which time the medium was replaced by Neurobasal (NB) Medium supplemented with 2 mM GlutaMax and B27 (1:50); dibutyryl cAMP (Sigma) for a final concentration of 0.5 mM was added to the NB media starting at Day 7. All supplements were purchased from Gibco/Invitrogen (Carlsbad, CA)/Thermo Fisher unless indicated otherwise.
| Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was harvested from LMO3-ESCs and from ND1 cells using the Direct-zol RNA MiniPrep Plus kit (Zymo, Irvine, CA). Complementary DNA synthesis was performed using the High Capacity RNA-cDNA kit (Applied Biosystems, Foster City, CA) following the manufacturer's instructions on a BioRad C1000 thermal cycler.
Quantitative PCR was performed in triplicate on a StepOnePlus
Real-Time PCR machine (Applied Biosystems) using SYBR Green PCR Master Mix (Applied Biosystems) in a total volume of 20 ll.
Gene expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Results were analyzed using the double delta CT method and are graphically presented as fold expression of genes in ND1 cells over LMO3-ESCs (Livak & Schmittgen, 2001) .
Primers used for gene targets and the type of cells which express the target are listed in Table 1 .
| Electrophysiology
For multielectrode array (MEA) experiments, 1-well MEA plates (60MEA200/30iR-Ti; Multichannel Systems, Reutlingen, Germany) were used. MEA plates were sterilized by autoclaving and treated with fetal bovine serum (FBS) before coating with 0.1% polyethyleneimine and 50 mg/ml laminin. ND1 cells were plated on top of the electrodes in a drop containing 2 3 10 5 cells in 10 ml of N2 media. Once the cells had adhered to the surface, the wells were slowly flooded with N2 media and plates were returned to the incubator. Media changes were carried out according to the neuronal differentiation protocol described above; half media changes were performed every 4 days once cells were in NB media. Recordings were taken 36-41 days after cells were plated with an MEA 2100 Lite head stage and amplifier with a sample rate of 10,000 Hz. To assess the contribution of glutamatergic signaling and sodium channels to spiking, recordings were repeated in the 
| Animals
All experiments involving animals were carried out following the guide- Mice were housed in ventilated cages under reverse 12 hr/12 hr light cycle. The mice were kept in cages of three with free access to food and water. Mice were moved between holding room and surgical or behavioral suite, located within the same facility. Behavioral tests were carried out during the day in rooms under reverse light cycle.
Mice heterozygous for the spontaneous Pitx3 ak mutation were obtained from the Jackson Laboratory (Bar Harbor, ME, RRID:
IMSR_JAX:000942). Mice were genotyped using primers F-5 0 -AGTTCGGTGCGGAGAGTAAG and R-5 0 -TAGACACAGGGAGTTGTTGGG.
Heterozygotes were mated to generate homozygous experimental animals.
Mice homozygous for the Pitx3 ak mutation exhibit microphthalmia (small eyes) and aphakia (no lens) related to arrested lens development (Varnum & Stevens, 1968) . The mesencephalic dopamine system is malformed and as a result homozygotes fail to develop dopaminergic neurons of the substantia nigra (Hwang, Ardayfio, Kang, Semina, & Kim, 2003; Smidt et al., 2004) .
Homozygotes display sensorimotor deficits specific to the nigrostriatal pathway, which can be reversed by L-DOPA administration (Hwang et al., 2005) .
Six non-aphakia (wild type or heterozygous) mice and 17 aphakia (homozygous Pitx3 ak ) mice were used for this study. The age ranges of the mice were 3-4 months, and the genders were evenly split between male and female. No animals were excluded from the study.
| Craniotomy
Mice were anesthetized with Isoflurane (1.5-3% isoflurane in 1.5-2 L/ min oxygen), immobilized in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA), and body temperature, respiration, and mucous membranes were monitored throughout the surgery and recovery. The scalp was cleaned and disinfected, and sterile instruments were used to make a midline incision. A craniotomy minimal to the needs of the experiment was then conducted (see below) with a hand-held drill. The skull was closed with wound clips or by suturing, and topical analgesia was applied.
| Cell transplantation
ND1 cells were expanded until the day of transplantation, harvested using TrypLE Express, pelleted, resuspended, and counted. Cells were pelleted again and adjusted to 5 3 10 5 per ll in Hanks' Balanced Salt Solution (without calcium and magnesium and phenol red) treated with DNAse (0.1%) and placed on ice until injection. Cell viability was verified again after transplantation.
Mice under isoflurane anesthesia were stereotaxically injected with ND1 cells bilaterally. Two burr holes were drilled at coordinates (mm from Bregma) AP 1 0.05, lateral 6 0.18. A 26-G injection needle attached to a 10-ml Hamilton syringe was lowered to 20.3 mm DV. In each side, 1 ml of cell suspension was injected over 10 min, using an automatic microinjector (KD Scientific, Holliston, MA, KDS-310-Plus).
| Intraventricular cannula
Cell transplantation was followed by cannula placement. A third burr hole was drilled at (mm from Bregma) AP -0.5, Lateral -1.1, and a 26-G guide cannula (2 mm length; model C315G, Plastics One, Roanoke, VA) was gently inserted to penetrate the brain to the depth of the lateral ventricle. The guide cannula was held in place with dental acrylic bonded to a stainless steel screw anchored to the skull. A dummy cannula was inserted into each guide cannula and remained in place except during injections. Animals were picked at random to receive CTZ or vehicle, with permuted block randomization (block size 2 or 4) done in Excel. 
| CTZ injections
| Bioluminescence imaging
| R E SU LTS
| Generating a neural stem cell line expressing LMO3
Self-renewing neural stem cell lines have been generated previously from human embryonic and induced pluripotent stem cells through an in vitro differentiation protocol that captures neural progenitor cells in a self-renewing state (Falk et al., 2012; Koch et al., 2009 ). These longterm, self-renewing NSCs can be cryopreserved, extensively expanded, and subsequently directed to generate defined neuronal and glial cell types, even after long-term proliferation. Importantly, upon transplantation, neurons derived from these stem cells are functional and can undergo synaptic integration into their host brain (Doerr et al., 2017) .
We used the protocol developed for human cells to generate a neural stem cell line, ND1, from mouse ESCs expressing LMO3 (Figure 1) .
Briefly, the LMO3 sequence was homologously targeted into the ROSA26 locus of mouse ESCs, generating LMO3-ESCs (Figure 1a,b) .
Pluripotent ESCs were then developed with FGF2 and EGF into selfrenewing neural stem cells, generating LMO3-NSCs (Figure 1c ). LMO3-NSC line ND1 has been cryopreserved and passaged for over a year.
Cells show a neuroepithelial-type morphology (Figure 1c ), but grow more homogeneously with less rosette-like structures compared to human neural stem cell lines (Koch et al., 2009 ).
| LMO3-neural stem cells express neuronal lineage markers
Various lineage markers were compared between ND1 cells and the LMO3-ESC line they were derived from, utilizing comparative qRT-PCR (see Figure 2 and Table 2 ). As expected, ND1 cells have significantly decreased expression of pluripotency markers characteristic of ESCs. For example, expression of Klf4 in ND1 was decreased to 0.28 over ESCs, increased was Synaptophysin (Syn), a marker for postmitotic neurons.
Over 10-fold but under 100-fold increases were found for Nestin (45.21), a marker for nonlineage-committed neural stem cells, and for Glt1 (30.63), a marker for astrocytes and glutamatergic neurons. The highest, several thousand fold increase in mRNA in ND1 cells over ESCs was found for markers characteristic of neuronal committed progenitors, such as Doublecortin (DCX; 80,851) , and for glial precursors, such as
Olig1 (8,123). All changes were statistically highly significant, with p values well below .05 (for exact values see Table 2 ).
| LMO3-neural stem cells differentiate into functional neurons in vitro
As an initial test for the ability of ND1 cells to differentiate into cells with characteristics of a functional neuronal phenotype, we plated them on MEAs and differentiated them toward a more neuronal phenotype by changing their standard growth medium to NB (Figure 3a ).
Five weeks after plating, several electrodes showed spontaneous spiking activity (Figure 3b ). To determine the extent of neuronal features and whether spiking activity can be specifically manipulated by CTZ and blue light, we recorded activity under various conditions (Figure 3c,   d ). Addition of tetrodotoxin, which blocks sodium channels, stopped spiking activity (Wilcoxon Signed Rank: z 5 22.666, p 5 .008, N 5 9; Figure 3c,d) . Similarly, when NBQX and AP-5, antagonists for AMPA/ kainate and NMDA receptors, respectively, were added to the media of a spiking ND1 culture, spiking was ablated (Wilcoxon Signed Rank:
z 5 22.521, p 5 .012, N 5 8; Figure 3c,d) . These experiments Table 2 . Expression in embryonic stem cells (ESCs) is set at 1. ND1 cells show a decrease in markers characteristic for undifferentiated, pluripotent cells (bars left of 1), and an increase in markers characteristic for neuronal stem cells with a potential to generate both neuron and glia cells (bars right of 1) 
| LMO3-neural stem cells attenuate motor deficits in vivo
To determine whether LMO3 neural stem cells are suitable for restorative cell transplantation therapy, we investigated their effect on alleviating motor deficits in Pitx3 mice. Homozygous Pitx3 mice fail to develop dopaminergic neurons of the substantia nigra and thus display sensorimotor deficits specific to the nigrostriatal pathway (Hwang et al., 2003 (Hwang et al., , 2005 Smidt et al., 2004) . We first tested several approaches for measuring motor coordination in Pitx3 mice in order to employ one with a high enough sensitivity to detect improvements. Figure 4a ). Homozygous Pitx3 mice succeeded to stay on the rotarod for an average of only 28 s, compared to wild-type or heterozygote mice with an average of 68 s (Student's t-test: t11 5 4.862, p 5 .0005, n 5 13).
To initially assess transplant surgery efficiency and cell survival of transplants, we subjected several mice to in vivo bioluminescence imaging. A representative example is shown in Figure 4b . Here, a Pitx3 mouse received bilateral injection of ND1 cells into the striatum. Four weeks later the mouse was injected with CTZ into the tail vein for a final concentration of 200 mM, and bioluminescence was imaged with In contrast, Pitx3 mice that received transplanted ND1 cells which were stimulated with CTZ for 10 days after transplantation surgery showed a significant improvement by staying on the rotarod on average 11.5 s longer than before transplant surgery (Wilcoxon Signed Rank: z 5 22.521, p 5 .0117, N 5 8; Figure 4e , middle panel). Importantly, Pitx3 mice that did not receive ND1 cells but did receive CTZ treatment through a cannula did not show any improvement in their latency to fall (Wilcoxon Signed Rank: z 5 0.674, p 5 .50, N 5 5; Figure   4e , right panel (pre) . After bilateral injection of cells and placement of a lateral ventricle cannula, mice received CTZ or vehicle solution daily for 10 days. One week after end of treatment, mice were tested on the accelerating rotarod to determine the post-treatment time for latency to fall (post). (e) Pitx3 -/mice receiving transplants and CTZ stimulation show improved performance on the rotarod. Pitx3 -/mice received transplants of ND1 cells and intraventricular injection of either vehicle (n 5 4) or CTZ (n 5 8), or received intraventricular injection of CTZ without transplants (n 5 5). CTZ-treated transplant recipients were able to stay on the rotarod significantly longer than before transplant surgery, while vehicle-treated transplant recipients and animals receiving CTZ without transplanted cells did not improve. *p 5 .0117; ns, not significant Using these luminopsin-expressing neural stem cells for therapeutic transplantation offers the possibility of integrating transplant therapy with neural manipulation. This has been done previously with both optogenetic and chemogenetic tools to promote the regenerative effects of transplanted stem cells (Aldrin-Kirk et al., 2016; Chen et al., 2016; Dell'Anno et al., 2014; Yang et al., 2014) . The advantage of chemogenetic approaches specifically is the noninvasiveness of stimulation;
the advantages of LMOs versus DREADDs are the use of current conductors versus G-protein coupled receptors and of the, as known so far, inert luciferase substrate (CTZ) versus clozapine, to which the synthetic drug CNO seems to be converted in vivo (Gomez et al., 2017) .
While in previous reports optogenetic or chemogenetic stimulation focused on established transplants, we wanted to determine if cell stimulation even earlier, right after transplantation, and for a short period of time, would be beneficial. Indeed, Pitx3 Parkinson's mice receiving stimulation of transplanted cells via CTZ application soon after transplant surgery for 10 days showed significant improvement in motor coordination relative to their abilities before treatment. No such improvement was seen when transplant animals received vehicle (i.e., no cell stimulation) or received CTZ without cell transplants. Bioluminescence imaging of transplant recipients and preliminary analysis of brain sections of CTZ-and vehicle-treated transplant recipients 4-6 weeks after transplant surgery revealed that transplants receiving CTZtreatment both showed more intense signal and broader distribution within Pitx3 mouse striata (data not shown). This suggests that CTZtreatment might enable cells to better survive; however, this requires further investigation utilizing stereology.
Our preliminary study demonstrating improvements of PD motor symptoms in mice receiving neural stem cells with early and transient bioluminescence-driven optogenetic stimulation motivate further investigations. More extensive and detailed studies are necessary to determine the molecular phenotype of the transplanted cells, their potential differentiation into functional neurons, synapse formation to and from host neurons, and long-term outcomes. Follow-up studies also should address the effects of variations in the number of cells transplanted (Vogel et al., 2018) , the concentration of CTZ, and the timing and frequency of CTZ application. In longer-term studies, development of an immune response against the transplanted cells is possible, necessitating the development of LMO3-expressing induced pluripotent stem cells from Pitx3 mice as a source for LMO3-NSCs. Lastly, it should be highly informative to explore the molecular mechanisms underlying these early effects of channelrhodopsin activation on NSCs.
Our studies utilized both male and female animals; no differences in outcomes were observed between the two sexes, so results were pooled. However, our sample sizes were not sufficiently large to allow detection of potential small, but significant sex differences. Further studies with larger cohorts of animals will have to be conducted to determine if there are differences between male and female mice in the efficiency with which activation of transplanted neural precursor cells attenuates motor deficits.
In summary, these preliminary studies in a PD model encourage exploration into applying bioluminescence-driven optogenetic activation in conjunction with cell transplantation and to extend this approach to other neurodegenerative diseases as well as impaired brain function due to a variety of insults, including stroke, traumatic injury, or aging.
